During object manipulation, the hand and arm muscles produce internal forces on the object (grasping forces) and forces that result in external translation or rotation of the object in space (transport forces). The present study tested whether the intrinsic hand muscles are actively involved in transport as well as grasping. Intrinsic hand muscle activity increased with increasing demands for grasp stability, but also showed the timing and directional tuning patterns appropriate for actively transmitting external forces to the object, during the translational acceleration and deceleration of object transport.
Introduction
When object manipulation involves vertical lifting, motor commands to arm and hand muscles appear to be coupled. As the arm lifts the object, the load changes dynamically with respect to vertical acceleration of the hand. Humans generally hold objects with a relatively low and constant ratio between grip force and load (vertical lifting) force, and thus grip force transiently increases along with load force during vertical acceleration to prevent the object from slipping out of the hand [e.g., 3, 7] .
Based on this observation, the neural control of object manipulation has been envisioned as shown in Fig. 1 [4] . The internal model of the mechanics of the arm, hand and object (gray box), is used to map the "desired arm movement" into the appropriate motor commands to be sent to the arm muscles. An "efference copy" sent to the "forward" version of the internal model is then used to predict the appropriate change in grasp force for that particular arm movement. According to this simple conceptual model, the control of hand and arm muscles is separate, but linked by an internal prediction of the change in load force that will be produced by the arm movement.
During horizontal object transport the load force does not change, therefore no change in grip force should occur. This is only true if orientation does not change. Furthermore, the effect of tilt is larger if the CM is offset from the contact plane. For manipulation in the horizontal plane, the force measured with transducers on the object can be segregated into manipulation (external) forces used to accelerate/decelerate the object and grasping (internal) forces. When this approach was taken, transient changes in grasping force during horizontal object transport were observed [2, 5] . This was somewhat surprising since the load force remained constant. Smith and Soechting [5] suggested that this modulation could be a strategy to prevent slips due to object tilt, while Gao et al. [2] suggested it may partially be a mechanical artifact or the representation of a neuromuscular control strategy.
The present study was designed to determine whether these transient changes in grasping force might be related to the neuromuscular patterning of the activity of intrinsic hand muscles. Our results do not provide a complete answer to this question, but do suggest that the control scheme illustrated in Fig. 1 requires modification. We found that the intrinsic hand muscles, like the proximal arm muscles, receive motor commands related to the external forces for object transport, not just the internal forces for grasping. 
Methods

Experimental Design
Five normal healthy subjects participated in the study. The experimental procedures were approved by the Institutional Review Board at the University of Minnesota. All subjects gave informed consent prior to the experimental session.
Subjects sat in front of a table, with the tabletop at waist level and a cylindrical object placed about 50 cm directly forward from the mid-body axis (with the top of the 13.5 cm tall cylinder about 60 cm from the center of the shoulder). All subjects were righthanded and used the right hand to grasp and move the cylindrical object.
Each trial began with the subject grasping the top of a weighted cylinder (390 g) with the distal portions of all five digits ( Subjects were instructed to lift the cylinder (about 3 cm) after the target direction number was announced. Then after hearing a tone, they were to move in the horizontal plane "as quickly and as accurately as possible" to the target, pause above the target, and then set the cylinder down. A horizontal movement time of approximately 450 ms was encouraged using a second tone, verbal feedback, and training prior to the experimental session. Although object pitch and roll was not recorded, in a similar task the mean (±SD) of the maximum deviation during horizontal movements when the CM was within or below the contact plane was 4.2 ± 2.0 and 4.9 ± 1.7 degrees, respectively. Therefore, subjects tend to maintain a vertical object orientation during horizontal translation regardless of CM position. Fig. 2C shows the four different conditions of grasp stability that were used in our experiment. These were created by varying whether the weighted end of the cylinder was down (conditions A and C) or up (conditions B and D) and whether an elastic band was used to adhere the fingertips to the cylinder (conditions C and D). In these latter two conditions, all 5 digits were placed between the cylinder and the band, such that the cylinder could be held above the tabletop without exerting any grasping force. Subjects performed six, randomly ordered blocks of trials for each of the four grasp conditions. Each block consisted of 12 trials: one movement to each of the 12 targets, in random sequence. Subjects were given rest periods between blocks to prevent fatigue.
Hand position was recorded at 120 Hz using a Polhemus Fastrack system, with the sensor taped to the top of the hand ( Fig. 2A) . Electromyographic (EMG) activity was recorded using small bipolar Ag/AgCl surface electrodes (2 mm diameter conductive surfaces, placed 10 mm apart), and was sampled at 1000 Hz.
We recorded the activity of four proximal arm muscles: Biceps (BIC, elbow flexor/supinator and shoulder flexor/adductor), Medial Triceps (TRIC, elbow extensor), and Anterior and Posterior Deltoid (AD and PD, shoulder flexor/adductor and extensor/abductor, respectively). We also placed surface electrodes over the bellies of three intrinsic hand muscles: Abductor Pollicis Brevis (APB, thumb muscle), Abductor Digiti Minimi (ADM, little finger muscle), and First Dorsal Interosseus (FDI, index finger muscle). Examples of unprocessed EMGs from the intrinsic hand muscles from one trial are shown in Fig. 3 (left column).
Data Analysis
Position data were differentiated to obtain a horizontal speed profile for each trial (Fig. 2D) . A threshold of 10 percent of the peak velocity was used to determine the beginning and end of the horizontal movement. For the time periods before and after the movement, we retained position data segments equal to the movement duration. The three data segments (before, during and after) were then time-normalized to 100 points each, for a total of 300 points. The surface EMG for each muscle was rectified and smoothed by taking the average of each five consecutive data points and then by using a two-sided exponential filter with a time constant of 5 ms. EMG traces for each trial were segmented in the same way as the corresponding position data and timenormalized to 300 points (100 points for each segment: before, during and after the movement). After time normalization, the EMGs were averaged to yield one trace per muscle in each direction, for each condition and subject. For each muscle, the EMG amplitude was normalized to the maximum (rectified, smoothed) amplitude observed for that muscle during the entire experiment (Fig. 3A-C, right column) .
To determine the directional tuning of muscles at several points in time, we fit cosine functions to normalized EMG amplitude data. We used a 30-point averaging window at four times beginning prior to the movement and ending within the range of the latest peak for any muscle (Fig. 3D ). These EMG values were then described as a cosine function of transport direction, using the following formula:
EMG i = a + b(cos θ i ) + c(sin θ i ) (1) where θ i is the movement direction on each trial (i) and EMG i is the EMG amplitude for that movement direction. Variables a, b, and c were found using linear regression analysis. The 95% confidence intervals on b and c were used to determine whether the muscle activity had significant directional tuning. If so, the center of the cosine fit (the "preferred direction"), θ 0 , was computed as:
Thus, preferred directions for each muscle were obtained for each of the four time epochs, for each grasp condition and for each subject. The mean bias (constant "a" from equation 1) and the preferred direction for each muscle in each condition were computed across subjects. ANOVA with Scheffé post-hoc testing was used to determine whether grasp condition had a significant effect on the mean bias or preferred direction of muscle activity.
Results
Significant directional tuning was observed for most muscles, in most conditions for each subject. There was a significant effect of condition (color coded) on the mean bias amplitude (regression parameter "a") of EMG for the intrinsic hand muscles (p < 0.05) but not for the proximal arm muscles. As expected, for the hand muscles, conditions A and C (with the weight on the bottom) tended to elicit higher EMG amplitudes than conditions B and D (which had the weight at the top). For two of these hand muscles, amplitude of the tuned component also followed this trend. Conditions where subjects were required to actively grasp the object also tended to have higher EMG amplitudes than when an elastic band held the fingers in place. There was no significant effect of condition on the mean preferred direction of muscle activity (p > 0.05).
The EMG activity of the intrinsic hand muscles exhibited the same type of temporal pattern as typically seen in proximal arm muscles for reaching movements in various directions [1, 6] . For directions nearly opposite to the location of each digit, the EMG exhibited an early burst, before movement onset (ADM in Fig. 3A , APB thick trace in Fig. 4B ), similar to that in proximal muscles in their "agonist" directions (BIC and AD thick traces in Fig. 4B ). Fig.  4C shows that for both hand muscles (left) and arm muscles (right), the preferred directions computed prior to the start of the movement were roughly consistent with the directions of the muscles' mechanical actions. However, in a later time epoch, both intrinsic hand muscles (APB: Fig. 3B, 4B ; DIF: Fig 3C) and proximal arm muscles (Fig. 4B) showed bursts in directions nearly opposite to their mechanical actions (the "antagonist" directions). For some muscles (including ADM, not shown), these "antagonist bursts" were small or complex and thus activity in the antagonist direction was smaller than activity in the agonist direction during all time epochs (e.g., AD in Fig. 4B , compare the thin and thick traces). However in other cases (e.g., APB and BIC in Fig. 4B ), antagonist activity was so large that preferred directions changed across the time epochs (see Fig.  4A ).
Discussion
This observation of clear "antagonist activity" in an intrinsic hand muscle seems unprecedented. Coupled with the observations of "agonist" timing and directional tuning, it suggests that intrinsic hand muscles were activated to dynamically stiffen particular digits in a manner appropriate for transmitting either the acceleration or the deceleration transport forces to the object.
The results of the present study demonstrate that the "arm motor command" (Fig. 1 ) that activates proximal arm muscles for object transport, also activates distal hand muscles to stiffen the hand along the axes appropriate for transmitting propulsive or braking forces. Specifically, the magnitude of muscle activity was greater for conditions where the weighted end of the object was well below versus within the contact plane (condition A vs. B), which was consistent with an increased need for stiffness to resist rotation of the weight during movement. We also observed low level muscle activity when a rubber band was used to eliminate the need to actively grasp the object (conditions C and D) which suggests that the activation of intrinsic hand muscles was associated with increasing stiffness of the hand during the movement. Thus commands to arm and hand muscles cannot be strictly segregated into external (transport) and internal (grasping) components.
Two recent studies [2, 5] have provided a detailed analysis of coupling between external forces and internal forces in a task where an instrumented object was transported in the horizontal plane, with the line between the fingers and the thumb (the grasp axis) also in the horizontal plane. As mentioned above, in this case, transport should not change the load force, and therefore, according to the model in Fig. 1 , there should be no modulation of the internal grasping force during the arm movement. However by measuring forces and computationally segregating them into internal and external components (see Yoshikawa and Nagai [8] ), both groups showed an increase in internal forces during transport. As expected, external forces were in phase with acceleration but, surprisingly, internal forces were in phase with velocity. Since neither of these groups [2, 5] recorded muscle activity, it was unresolved whether these patterns of modulation in the internal and external force components reflected an active control process or whether they resulted from the mechanical interaction between the object and a relatively stiff musculoskeletal system. Although further studies are needed to more precisely relate EMG to internal and external forces, the present results demonstrate that these forces are at least partly under active control.
